Pattern deformation during SEM inspection has been investigated for different types of 193 nm positive resists. The mechanism of the CD changes is discussed based on the slimming rate analyses as well as on the a-beam penetration depth. As a general tendency, the methacrylate resists exhibit faster line width reduction than the cycloolefin-maleic anhydride (COMA) systems; however, other resist components as well as CD SEM settings play an important role. Based on the exposure time vs. CD loss, the line width slimming (LWS) is found to proceed in three steps, which are assigned as: (1) chemical change of outer resist layer, (2) evaporation of volatiles and (3) bulk chain scission or deprotection. Countermeasures for CD degradation are proposed from both the formulation and process sides. A calculation of a-beam penetration depth suggests that deprotection, chain scission and other reactions occur in the first 20-40 nm, and these reaction rates combined with thermal effects determine LWS. The CD SEM measurement method has been improved to minimize a-beam exposure and to spread out the thermal load over a larger period of time. An optimized formulation exhibits less than 0.2% LWS per measurement with the improved CD measurement program.
Introduction
At present, first generation full field 193 nm scanners are available from many vendors, the integration of process and resist materials is progressing rapidly, and 193 nm lithography is expected to be introduced for sub-0.13 .tm design rules. However, as critical dimension has shrunk with new photoresist materials, 193 nm lithography has brought a new metrology problem. CD changes during SEM inspection have been one of the concerns for 193 nm resists. The phenomenon is easily observed as slimming of lines or expansion of holes and trenches, however, its origin and mechanism have been poorly understood.
Pain et al. [ 1 ] explain that LWS is caused by ebeam-induced cleavage and local heating. Neisser et al. [2] assumed that depending on temperature reached in CD measurement, shrinkage is determined by either crosslinking or annealing.
They also reported that LWS was improved by ebeam curing of exposed lines. Su et al. [3] proposed a shrinkage model assuming LWS could be caused by crosslinking or other chemical reactions; however, in this study the causes for resist shrinkage were still considered to be uncertain. It was also reported that LWS was moderated by reducing acceleration voltage or flux density of e-beam during the CD SEM measurement [1] [2] [3] [4] [5] . So far, the improvement of CD degradation has been mainly studied by equipment or process changes but little research has been reported for resist materials.
We previously reported that the methacrylate resists exhibited faster line width reduction than the cycloolefin-maleic anhydride (COMA) systems, and proposed several possible slimming mechanisms of the 193 nm resists [5, 6] . However, more detailed studies revealed that the polymer structure was not the only decisive factor for LWS, and the resist components as well as CD SEM settings were found to play an important role.
In this paper, the mechanism of the CD changes is [14, 15] . Cycloolefin-malefic anhydride (COMA) resists and hybrid resists were formulated from the COMA polymer or the hybrid polymer, a PAG and an acid quencher dissolved in propylene glycol monomethyl ether acetate (PGMEA), respectively. For general evaluations, a sulfonium salt, triphenylsulfonium nonafluorosulfonate (TPSNf) was used as a PAG and diethanolamine was used as the acid quencher. Di(t-butylphenyl)iodonium nonafluorosulfonate (DBPINf) was used as the iodonium PAG. Prior to their use, the resist solutions were filtered using PE-filters with 0.1.tm pore diameter.
Lithographic evaluations
The resist solutions were spin coated on organic B.A.R.C. (AZ®EXP ArF-1) coated silicon wafers, and dried on a hot-plate to a film thickness of typically 0.39 µm using a Tokyo Electron Clean Track Mark 8. The film thickness was measured with a Nanometrics Nanospec® 8000. The coated wafers were exposed using a Ultratech ArF excimer laser stepper, ArF MicrostepTM 193L (NA 0.60, 6 0.70). The DUV resist was exposed with an ASM Lithography KrF excimer laser stepper, PAS5500/300B (NA 0.63, 2/3 annular). The amine concentration of the clean room atmosphere was controlled to below 5 ppb. Post exposure bakes were generally carried out within 10 minutes after exposure. The baked wafers were developed with AZ® 300MIF, a surfactant-free developer containing 2.38% tetramethylammonium hydroxide (0.26 N), and rinsed with water. Inspection of the pattern profiles was performed using a Hitachi S-4000 scanning electron microscope (SEM).
Line width slimming (LWS) measurements
Line width slimming investigations during CD SEM measurements were carried out on a KLA 8100 CD SEM. KLA-Tencor software version 3.1.3 was used for general evaluations. The linewidth change over a period of time was measured using a 50% threshold at acceleration voltage 600 V and beam current 15 pA. The electron beam continuously irradiated the line throughout the measurement. Magnification was set 100 K. Focus was adjusted on one line and the line width of a different, e-beam-unexposed line was measured at 6 sec intervals up to 120 sec. After 120 sec, CDs were measured every 30 sec up to 10 min. An average of three top-down measurements was taken for 0.15 µm CDs, and the linewidth change with respect to time was plotted. As an improved method (ref. Sec. 3.7), KLA-Tencor software version 3 was also applied at acceleration voltage of 400 V. We observed the rate of slimming in a KLA8100 C D S EM by automated measurements of line width over a 10 min time period for 0.15 µm semi isolated lines on bottom ARC. An average of three measurements was taken for each resist, and the data were collected at a 50% threshold. The CD slimming data are shown for the 193 nm resists in comparison with a 248 nm resist (AZ®EXP DXTM3359) (Fig. 1) .
In a 10 minute continuous measurement under identical conditions, all four 193 nm resists showed linewidth slimming of more than 15% compared to 7% for the DUV resist. Both 50 and 90% threshold measurements showed identical trends. Among the 193 nm resists, the methacrylate resists showed a tendency towards faster linewidth reduction than the cycloolefin-maleic anhvdride (COMA) system or the hybrid system. However, the difference between the two methacrylate resists 1 and 2 suggests that factors other than polymer composition also seem to play a role.
Analysis of the data in Figure 1 indicates an initial fast decay, followed by a medium fast and a slow decay process. The LWS behavior of methacrvlate resist 2 was analyzed, and a good fit was obtained by the following triple exponential rate law. 1n2 1n2 1n2 --t --t --t CD = ale =' + ate T 2 + a3e t'
It was found that for the 193 nm resists, the different regions of the decay curve could not be fitted simultaneously by a double rate law, but were reproduced well by the triple rate law ( Table 2 ). The three processes have been deconvoluted in Fig. 3 to show their relative importance. The first process is very fast and has the smallest amplitude factor. However, it is the most troublesome for practical purposes since it has the highest contribution in the first few measurements. The second process has a similar half life i2 for all resists, and it is tentatively assumed that this means that identical physical processes must occur for all of them. The third process is very slow, and should normally not be of practical importance for linewidth determinations. Interestingly, the first fast process is not observed for the DUV resist: while there are three processes with distinct time constants for the 193 nm resists, there are only 2 for the 248 nm resist. 
Influence of baking and DUV exposure
In order to elucidate the mechanisms of the slimming process, we investigated the slimming behavior of hard-baked resist (150°C/180 sec) to determine the effect of annealing and DUV flood exposure (180 sec) followed by hard baking of the resist on deprotection or chain scission of the polymer (Fig. 4) . In summary, LWS was improved in the order of DUV exposure + Baking > Baking > No treatment. The first decay constant (t1) increased with hard baking, while the parameter al remained almost constant (Table 3) . With DUV exposure and baking, the parameter al was significantly reduced and the slimming tended to proceed in two steps. No obvious change was recognized in the second decay constant (i2); however, the third decay constant (t3) increased.
In this case, the PAG is decomposed by DUV exposure, and the following baking deprotects the polymer and eliminates volatile products. As the third decay constant was influenced by DUV r exposure + baking, we consider the third process is related to deprotection chain scission.
and it may be related to
Influence of solvents
In order to investigate the influence of volatile components on LWS, otherwise identical methacrvlate resists were formulated with ethyl lactate (bp. 154°C) and ethyl acetate (bp. 77°C). LWS was very strongly reduced with the lower boiling solvent (Fig. 5) . Comparing the decay constants of the second step (r2), ethyl acetate gave significantly larger value (i. e. slower in the second Table 2 . Triple exponential decay constants of various resists under KLA8100 a-beam (600 V) exposures. step) than ethyl lactate (Table 4 ). This result supports that this second decay step originates from loss of entrapped solvent. The resist coated from ethyl acetate has less residual solvent to lose, and is therefore less affected by the heating of the resist bulk through the electron exposure. The third decay time constant of the selected 193 nm resists is in the range of 20,000-50,000 with ethyl lactate; however, i3 was quite large with ethyl acetate. This suggests that evaporation of solvent continues to play a role in the third step for the higher boiling ethyl lactate is used as a solvent.
Influence of PAGs, base and other components
The role of the resist polymer has already been referred to in Section 3.1. While it was found that the type of polymer backbone had some influence on the LWS rate, it had also been observed that resist formulated from identical polymers may show different LWS behavior. These resist were formulated in the same solvents, so that the solvent volatility effects described above cannot have contributed to this effect. We therefore investigated the influence of the remaining resist components, i.e. PAG, bases and additives on LWS. One easily understood mechanism lies in the evaporation of volatile resist components. LWS was improved when the base additive was changed from triethanolamine (bp. 185°C) to the less volatile trioctylamine (bp. 365-367°C) (Fig. 6 ).
In this case, triethanolamine can be assumed to evaporate more easily under the thermal effects of e-beam irradiation. The loss of the amine quencher allows more acid-catalyzed deprotection chemistry to occur, and hence causes more slimming. Beyond the volatility-related effects, the amount of PAG or base additive hardly influenced the LWS in the range studied (PAG 20-50 µmoUg polymer, base 2-20 µmoUg polymer). However, the nature of the PAG was found to cause a measurable effect. with an with that of one containing an iodonium PAG. The iodonium PAG containing formulation exhibited less slimming. While the mechanism is unclear, it is tempting to speculate that as a result of the large absorption cross section of iodine for low-energy electrons, iodine atoms may limit the depth of penetration of the e-beam radiation and thus result in greater resistance to LWS.
3.5 Improvement of LWS with additives Based on the results in the previous sections, chain scission, sputtering, thermal annealing and evaporation of components is considered as contributing mechanisms for LWS. In order to avoid the above reactions and improve LWS, a number of additives (A, B and C) were formulated into the methacrylate 1 resist. The chemical structure of these additives was selected based on expectations that they would improve etch resistance, reduce chain scission or enhance curing. Addition of these compounds was found to be effective to reduce slimming (Fig. 8) . Combining the approaches, an optimized experimental hybrid resist containing an iodonium PAG, a less volatile amine and an additive showed some improvement in slimming without sacrificing resolution (Figs. 9  and 10) . However, the effects of the different improvements were found not to be additive, so that the combination fell short of the hoped for reduction in LWS. 
LWS mechanism in view of e-beam penetration
A discussion of the mechanism of LWS requires a detailed understanding of the energy deposition profile during low-energy electron irradiation in the SEM. Obviously the physical and chemical mechanisms underlying LWS will be very different if the electrons can penetrate deeply into the bulk of the resist, or if they are restricted to a shallow sheath along the surface of the resist feature.
The deposited energy was estimated as a function of depth into photoresist for different incident energy electron beams (1 KeV, 800 eV and 600 eV) using the ProBEAM simulation program (Fig.ll) [14] .
Although Monte Carlo programs are not always optimized for very low energy electrons, ProBEAM is expected to perform reasonably well in the range studied. Figure 11 suggests that all absorption events happen in a very thin layer of 20-40 nm, depending on the electron energy. For the 600 eV acceleration voltage used for the results of Figs. 1 and 2-7 , over 95% of the energy are deposited within 20 nm. Chemical reactions that are directly caused by high-energy electrons, such as chain scission or PAG decomposition, will therefore be confined to this outer zone exclusively. The effects of the direct electron exposure should occur very quickly, and they can be associated with the first, fast linewidth decay process of Table 2 and Fig. 3 . It is well-known for many materials, including PMMA, that continuous exposure will result in chemical changes to the polymer that make it impervious to further mass loss. The 193 nm resists which are susceptible to chain scission lose mass and only slowly generate a chemically inert outer layer, whereas the PHS-based DUV resist crosslinks quickly and forms a stabilizing outer coat of armor. The additives studied either reduce the depth of penetration of the electron beams or assist in the formation of the inert layer.
Beyond the effects of direct electron irradiation, the CD SEM measurement also heats up the resist and the substrate. This purely thermal effect leads to the evaporation of solvent from the resist but also to the loss of free volume through annealing, both of which contribute to LWS. This process is identified with the second, medium speed decay rate of Table 2 and Fig. 3 . While an exact calculation of the temperatures achieved is difficult and would probably require the use of finite element modeling, this identification allows one to place a lower limit on the temperature reached by inspecting the result of the solvent exchange (Fig.  5 ) and the hardbake (Fig. 4) experiments. In these experiments, the resist was previously baked at 115°C or 150°C; bakes at lower temperatures will not result in a substantial solvent loss over the time period studied. Above 170°C, the thermal decomposition of the PAG is known to occur at a fairly high rate, leading to fast deprotection and mass loss. We therefore tentatively conclude that the resist must have reached a temperature in excess of 150°C but below 170°C. The third and slowest process in Table 2 and Fig. 3 is composed of longer-term phenomena. In some resists, this process is so slow that it can considered to be absent. Based on the results of the solvent exchange experiment (Fig. 5 and Table 4 ), this process would appear to be composed of a solvent loss component, presumably of solvent held more tightly in preferred binding sites, and of other longterm phenomena, such as purely thermal reactions or diffusion of acid and subsequent deprotection, possibly also absorbance of fluorescence photons from electron impact events in the outer layer. According to this proposed mechanism, not only polymer structure but also other resist components or additives impact the rate of formation of the outer, inert layer, explaining why the polymer structure is not the decisive factor for LWS. The thermal history and the presence of volatiles in the resist layer determine the rate of CD loss in the second process that is slower but has a much higher total CD loss than the first. It is therefore also an important contributor to LWS in a practical measurement timeframe (2-8 sec) . The third process is too slow to have any practical influence on the CD SEM measurements. Figure 12 illustrates the model for the LWS based on the above results.
As an aside, a comparison of SEM pictures revealed that at the end of the 10 min, 600 eV measurement sequence, the lines in methacrylate resist 1 had shrunk almost the same amount in the vertical and horizontal dimensions (24 nm for linewidth and 28 nm for thickness, Fig. 13 ).
In summary, the investigated changes in the resist formulation were only partly successful in reducing LWS, or, in the case of a low-boiling solvent, are impractical for manufacturing use. The differences between the polymer backbones available for 193 nm lithography are also insufficient to lead to substantial improvements. A solution to the LWS problem must therefore come through a modification of the CD SEM measurement hardware and/or software. Fig. 13 . Shrinkage of 0.1 S µm lines after 10 min CD SEM measurement (600 V).
Improvement of LWS by CD measurement method
In order to reduce LWS, the scanning method was modified to "spread" scans over a larger area, unnecessary image re-scans were removed, and the focus area of the beam was kept separate from the measurement location. Moreover, the accelerating voltage was reduced from 600 V to 400 V, and the beam current from 15 to 10 pA. The spreading of the scans was intended to reduce the thermal load on the resist feature. Figure 14 shows the LWS of the methacrylate resists using the conventional software (v 3. 
Conclusions
We have studied LWS of 193 nm resists during CD SEM measurement. As a general tendency, methacrylate resists exhibited faster line width reduction than the cycloolefin-malefic anhydride (COMA) systems, however, LWS was influenced by photoacid generators, solvents and the other components as well as hardbake and DUV curing. Calculation of e-beam penetration revealed that reactions requiring direct electron impact such as PAG decomposition, chain scission or crosslinking, or other high-energy reactions could occur in the first 20-40 nm of the resist. Three different processes occurring on three different timescales were identified, of which the fast one with a typical half-life of 4-8 sec has been assigned to the formation of a skin-like, inert layer that forms in the directly electron-irradiated area. Polymer backbone structure was found to be only one of several factors influencing the rate of this fast process. The second process was found to be mainly related to solvent loss due to the thermal effects of electron exposure, whereas the last process is too slow to be of practical importance and is presumably composed of several longer-term phenomena.
Chemical changes in the resist formulation were found to be only partly successful in solving the LWS issue. The solution to the LWS issue lies in optimization of the CD SEM measurement to minimize a-beam exposure energy and frequency. An optimized formulation exhibited less than 0.2% LWS per measurement with the optimized CD measurement method.
While 193 nm resists have come a long way, a number of issues still need to be addressed before implementation in a manufacturing process, e.g., line edge roughness and dry etch rates. As the resists mature further, it is expected that the process latitude will continue to improve, which may offer a chance to implement 193 nm resists down to the 100 nm node with weak optical enhancements. Linewidth slimming should no longer be considered an impediment the implementation of 193 nm lithography.
